purpura, as well as autoimmune hypothyroidism and enteropathy [1, 2] . The mechanisms behind the immune deficiency and dysregulation associated with CHH are still incompletely understood. Decreased AIRE expression and absence of FOXP3 + T cells in the thymus have been implicated in the pathogenesis of Omenn syndrome in a CHH patient [4] . Cell cycle abnormalities, reduced thymic output, impaired lymphocyte proliferation, dysfunctional telomere machinery, and increased T cell apoptosis have also been associated with the immune defects seen in CHH [5, 6] . The role of autoantibody-mediated immune dysregulation, however, has not been determined.
In order to evaluate whether autoantibodies contribute to CHH-related immune dysfunction, a protein microarray was performed on CHH patients in comparison to both healthy controls and patients with autoimmune polyendocrinopathy candidiasis ectodermal dystrophy (APECED). APECED is an autosomal recessive disorder caused by mutations in the AIRE gene, leading to various autoimmune disorders and chronic mucocutaneous candiasis [7] . Autoantibodies are a known contributor to APECED disease pathogenesis [7] . All individuals who participated, or their guardians, signed an informed consent, and the study was approved by the Institutional Review Boards at the referring institutions. Clinical and laboratory features of the evaluated CHH patients are reported in Supplemental Table S1 . A panel of IgG autoantibodies was screened using an autoantibody array (University of Texas Southwestern Medical Center, Genomic and Microarray Core Facility) as previously described with minor modifications [8, 9] . Briefly, serum samples were diluted to 1:33 and incubated with the autoantigen array. Autoantibodies binding to antigens on the array were detected with Cy3 labeled anti-IgG at a laser wavelength of 532 nm. The array was scanned with GenePix® 4400A Microarray Scanner, and images analyzed using GenePixPro 6.0 software to generate GenePix Results (GPR) files. Averaged net Electronic supplementary material The online version of this article (doi:10.1007/s10875-017-0408-4) contains supplementary material, which is available to authorized users. fluorescent intensity (NFI) of each autoantigen was normalized using a background normalization factor. The average normalized signal intensity obtained from healthy controls (N ≥ 2) was determined for each antigen. Relative autoantibody reactivity (RAR) ratios were then calculated between each sample and the average of healthy controls plus 2 SD, with ratios greater than 1 considered positive [8, 9] . Statistical analysis was performed using significance analysis of microarray (SAM) [8, 9] . Hierarchical clustering of the data was performed using Euclidean distance. A heat map of the ratio values was generated using MultiExperiment Viewer software (MeV, DFCI Boston, MA) and values were coded as follows: 0 blue, 1 black, 5 yellow. To validate the microarray results, an ELISA was performed to a selected antigen (gliadin IgG, Eagle Biosciences) according to the manufacturer's protocol using serum samples from patients with CHH (N = 16), healthy controls (N = 4), and patients with APECED (N = 5). Protein concentrations were obtained using a standard curve.
Results of the protein microarray revealed broad autoantibody reactivity in both CHH and APECED patients compared to healthy controls, with variable autoantibody antigen specificity observed between patients (Fig. 1a) . Samples were evaluated for multireactivity, defined as positive autoantibody ratios to at least 20% of the self-antigens present on the array [8, 9] . Multireactivity was seen in 10 of the 16 CHH samples assayed. SAM performed on the entire group of CHH samples in comparison to healthy controls did not reach statistical significance, which may reflect the heterogeneity in autoantibody specificity observed between CHH patients. Cluster analysis revealed unique groupings of CHH and APECED patients within the cohort (Fig. 1b) . When SAM was repeated comparing a distinct cluster of five CHH patients to healthy controls, nine autoantibodies reached statistical significance with a mean false discovery rate of less than 1% (Fig. 1c) . Interestingly, four of the nine autoantibodies are implicated in inflammatory myopathies, including myositis-specific antibodies Mi-2, SRP54, and PL-7, as well as an additional autoantibody targeting myosin itself. The remainder consisted of autoantibodies against thyroglobulin, gliadin, nuclear antigens Sm/RNP and PCNA, as well as vitronectin, a glycoprotein important in tissue remodeling and repair. The presence of IgG autoantibodies to gliadin was validated using ELISA (Fig. S1 ).
This study is the first to identify broad autoantibody reactivity in a cohort of CHH patients. This finding highlights the importance of considering B cell immune dysregulation as a potential contributing factor in the autoimmune manifestations of CHH. The significant autoantibody ratios identified in a specific cluster within the CHH cohort demonstrate intriguing clinical correlates, including myositis-specific antibodies, as well as autoantibodies important in autoimmune manifestations implicated in CHH, such as hypothyroidism and autoimmune enteropathy [2] . Future work will focus on determining the mechanism by which mutant RMRP leads to the generation of autoreactive antibodies, as well as investigating the pathophysiologic connections between the autoantibodies identified and CHH clinical manifestations.
